Medaka is emerging as a model organism for the study of vertebrate development and genetics, and its effectiveness in forward genetics should prove equal to that of zebrafish. Here, we identify by positional cloning a gene responsible for the medaka i-3 albino mutant. i-3 larvae have weakly tyrosinase-positive cells but lack strongly positive and dendritic cells, suggesting loss of fully differentiated melanophores. The region surrounding the i-3 locus is syntenic to human 19p13, but a BAC clone covering the i-3 locus contained orthologs located at 15q11-13, including OCA2 (P ). Medaka P consists of 842 amino acids and shares ‫%56ف‬ identity with mammalian P proteins. The i-3 mutation is a four-base deletion in exon 13, which causes a frameshift and truncation of the protein. We detected medaka P transcripts in melaninproducing eyeballs and (putative) skin melanophores on embryos and an alternatively spliced form in the non-melanin-producing ovary or oocytes. The mouse p is similarly expressed in gonads, but not alternatively spliced. This is the first isolation of nonmammalian P, the functional mechanism of action of which has not yet been elucidated, even in mammals. Further investigation of the functions of P proteins and the regulation of their expression will provide new insight into body color determination and gene evolution.
M
EDAKA, a small freshwater teleost, is a useful verous fields, such as eye development (Loosli et al. 2001) , tebrate for genetic and developmental studies, scale formation (Kondo et al. 2001) , sex determination because it reaches reproductive maturity in a short pe- (Matsuda et al. 2002) , and body coloration (Fukariod ‫2ف(‬ months) and its eggs, which are laid every day, machi et al. 2001, 2004) . On-going large-scale ethylnitroare highly transparent [transparency can be maintained sourea mutagenesis (see Furutani-Seiki et al. 2004 ) until the adults are fully mature (Wakamatsu et al. 2001)] .
and whole-genome sequencing projects will further acTools for genetic experiments, such as inbred strains celerate these gene-hunting experiments and confirm (Yamamoto 1975; Hyodo-Taguchi 1980; Shima and the medaka as a model organism for genetic and develShimada 1994), linkage maps (Naruse et al. 2004) , geopmental studies of vertebrates. nomic libraries from divergent inbred strains (Matsuda In medaka, ‫05ف‬ body-color mutants exhibit various et al. Kondo et al. 2002) , an expressed sequence defects in their chromatophores (Iwamatsu 1997 ; tag (EST) database (http:/ /mbase.bioweb.ne.jp/dclust/ Kelsh et al. 2004) . To date, however, only three genes medaka_top.html), and an 8.9ϫ genome sequence dataresponsible for these mutants have been isolated, i.e., base (http:/ /dolphin.lab.nig.ac.jp/medaka/) are publicly those encoding tyrosinase, membrane-associated transavailable. These tools have allowed the positional or porter protein (MATP), and somatolactin for the i-, b-, and positional-candidate cloning of the genes responsible ci-locus mutants, respectively (Koga and Hori 1997; for spontaneous medaka mutants with curious pheno- Fukamachi et al. 2001 Fukamachi et al. , 2004 . Identification of more types (Tomita 1992) . Such studies have provided intrigenes and functional comparison of these with the corguing insights into development and evolution in variresponding genes in other model organisms (in mouse or zebrafish, which has one or three kinds of chromatophores, respectively, whereas medaka has four) should vide intriguing insights into how genes evolved to achieve Kelsh et al. 2004) . All the fry in B-F are 0-1 day after hatching.
for 45 sec. Products were digested with restriction enzymes, tions, we undertook to isolate the gene responsible for if necessary, to detect polymorphisms on agarose or acrylamide a medaka pigmentation mutant with one of the most gel. We used an HNI-based bacterial artificial chromosome (BAC) drastic phenotypes, the i-3 mutant.
genomic library for chromosome walking (Kondo et al. 2002) . Hybridization screening was performed using the AlkPhos direct labeling and detection system (Amersham Biosciences), MATERIALS AND METHODS and BAC ends were sequenced directly after the BAC DNA was purified with the Plasmid Midi kit (QIAGEN, Valencia, CA). Fish: The i-3 albino strain arose spontaneously from wildShotgun sequencing: We used the QIAGEN large-construct type population around Tottori, Japan, and was kept at Nagoya kit to isolate BAC129C11 DNA and the TOPO shotgun subUniversity (Tomita 1992). We crossed wild-type HNI (Northcloning kit (Invitrogen, Carlsbad, CA) to construct the library. ern inbred) and i-3 (Southern origin) strains, and collected The inserts were amplified by colony PCR, and the products F 2 intercross siblings for locus mapping. Phenotypes were dewere directly sequenced in both directions. We assembled the termined by microscopy during embryogenesis and reconsequence data using Lasergene software (DNASTAR, Madifirmed after hatching. We fixed the hatched fry in 100% ethason, WI). nol and isolated their DNA using the PI-50 automated DNA Expression analysis: We used Isogen (Nippon Gene) to isolation system (Kurabo).
isolate total RNA from the organs and embryos of medaka Tyrosinase reaction: Hatched fry were rinsed in Ringer soluand mouse. First-strand cDNA was synthesized using a 3Ј adaption for medaka (Yamamoto 1975) and incubated in reaction tor and ReverTra Ace (Toyobo) following the manufacturer's mixture [0.06% tyrosine, 0.024% NaHCO 3 , 80 mm NaCl, and protocol, and the 5Ј adapter was added after a 20-min incuba-10 mm iodoacetamide in 30 mm phosphate buffer (pH 7.3)] tion. The reaction was further incubated for 1 hr and used for 24 hr at 37Њ (Hishida et al. 1961) .
as the template for RT-PCR. Thirty PCR cycles were applied Mapping and chromosome walking: We amplified the DNA to all the experiments in Figure 4 . RACE was performed by markers by PCR using the following parameters: 94Њ for 1 min and then 30 cycles of 98Њ for 20 sec, 60Њ for 1 min, and 72Њ nested PCR using primers complementary to the 3Ј or 5Ј hybridization on b g 8 embryos by using DIG-labeled partial P riboprobes as described elsewhere (Fukamachi et al. 2001) .
RESULTS
Phenotype of the medaka i-3 mutant: Medaka i-3 is a mutant isolated by Tomita (1992) using spontaneous mutant screening and its phenotype resembles oculocutaneous albinism (OCA) in mammals; i.e., melanin deposition is strongly suppressed over the whole body and eyes ( Figure 1, A and B) . It is almost indistinguishable from the i-locus mutants that lack the melanin-synthesizing enzyme, tyrosinase (Koga and Hori 1997), but the i-3 and the i (i-1) fry show distinct differences when incubated in tyrosine and iodoacetamide ( Figure 1C ). Amelanotic melanophores in the i-1 fry were not stained after incubation, indicating a complete lack of tyrosinase. In contrast, the i-3 fry exhibited cells stained brown (due to newly synthesized melanin) distributed over the whole body surface, indicating the presence of active tyrosinase in these cells. However, the i-3 fry do lack the strongly stained and slightly more dendritic cells that are observed on the dorsalmost part of another albino strain (b Figure  1F ). We observed that the wild-type fry has the weakly tyrosinase-positive cells in the interstripe regions, too (data not shown). Therefore, it seems that (1) whereas the distribution of strongly tyrosinase-positive cells (fully differentiated melanophores) is restricted to the stripe regions of medaka fry, weakly positive cells (putative melanophore precursor cells) are also distributed The marker name, sequences of forward and reverse primers, product size of the Northern wild-type strain (HNI), and polymorphisms detected between HNI and the Southern mutant (i-3) are indicated. Ins/del, length polymorphism.
ern i-3) are extremely polymorphic [i.e., ‫%5ف‬ of genowalking by mapping every BAC end used for library screening ( Figure 2B ; Table 1 ) and crossed the i-3 locus mic sequences are single nucleotide polymorphisms (SNPs) or allele-specific nucleotides], we could map at the fourth BAC from OLe17.08f after walking ‫4.1ف‬ cM (23 recombinations/1686 meioses). any BAC end sequence to confirm its position during chromosome walking and use these as probes for library Medaka pink-eyed dilution ortholog as a strong candidate for i-3: BAC 129C11 was shown to contain the screening, as long as they were nonrepetitive. Whether or not the BAC end is repetitive can be determined in entire candidate region for the i-3 mutation because both ends recombined with the i-3 locus ( Figure 2B ). silico before in vitro hybridization using 8.9ϫ medaka genome sequence data (see above). Taking advantage We then sequenced the insert of 129C11 ‫022ف(‬ kb) using a shotgun method. Preliminary BlastX analysis of of these techniques, we proceeded with very efficient and reliable chromosome walking until we reached the these sequences ‫781ف(‬ kb in 85 contigs) revealed that BAC 129C11 did not contain genes orthologous to those i-3 locus.
First, we isolated an OLe17.08f-positive BAC clone located on human 19p13, contradicting our former expectation ( Figure 2A ). Instead, it contained sequences (195J15) with an insert of ‫051ف‬ kb and identified the polymorphisms at both its ends (195J15F and 195J15R) .
significantly similar to the following human genes (shown by symbols in LocusLink): CYFIP1, NIPA2, GABRG3, OCA2, We detected 5 recombinations between 195J15F and OLe17.08f and 8 recombinations between 195J15R and HERC2, and PEG10, which are all located at human 15q11-13, except for PEG10 (7q21). OCA2 (also called OLe17.08f ( Figure 2B ). Therefore, we did not need to walk toward 195J15F but only toward 195J15R. This re-P) is the human ortholog of mouse pink-eyed dilution (p) and is known to be the gene responsible for human sult also revealed the enhanced recombination frequency in this region; i.e., 1 cM was estimated to be 200 OCA type 2 (Rinchik et al. 1993) . Because this seemed to be a very likely candidate gene disrupted in the mekb, which is much more frequent than the average value of 1 cM ϭ 600 kb (Naruse et al. 2004) . Recombination daka i-3 mutant in terms of its phenotype (Figure 1 ), we started analysis of this medaka P ortholog. in male meioses was expected to be more frequent than this, because linkage maps on our database, M base
We first identified the complete open reading frame of medaka P by 3Ј-and 5Ј-RACE using embryo cDNA (http:/ /mbase.bioweb.ne.jp/dclust/medaka_top.html), indicate a recombination frequency around this region ( Figure 3A) . The mRNA consists of 24 exons distributed over Ͼ40 kb of the genomic region, and the exon-intron about sixfold higher in males than in females. Therefore, sex-dependent enhancement of meiotic recombiboundaries seem to be conserved among medaka, human, and mouse ( Figure 3B ). Medaka P protein is prenation seems to occur in this region, which is similar to the situation around the b locus on LG12, although dicted to consist of 842 amino acids and share ‫%56ف‬ identity (785 amino acids compared) with human P and recombination is enhanced in the female in that case (Fukamachi et al. 2001) . We continued chromosome mouse p ( Figure 3B) . A BlastP search also revealed Oculocutaneous Albinism Type 2 in Medaka Nucleotides indicated in light blue are polymorphic in HNI, Hd-rR, and i-3 (gray residues in the 5Ј-most and 3Ј-most regions were not compared). Putative poly(A) signal is indicated in green. (B) Alignment of amino acid sequences of P proteins so far isolated, from mouse, human, pig (Sus scrofa), and medaka (Hd-rR). Red letters indicate the residues most commonly conserved at that site in the four species. Boxed residues contain exon-intron boundaries within their codons or are the first amino acids of exons. Light blue underlining shows the untranslated residues from P-o ( Figure 4D and see text). Residues with black underlining are substituted with a novel seven amino acids (CSSLQSQ) in i-3. Black circles indicate positions of mutated residues reported in human OCA2 patients. Gray circles and open circles show the positions of polymorphic residues detected in human and medaka, respectively. Three of four residues with open circles (T, V, and D) are substituted into A, L, and E in HNI, respectively, while the third one (S) is substituted into G in i-3. Human mutation and polymorphism information was obtained from the Albinism Database (http:/ /albinismdb.med.umn.edu/) and Kato et al. (2003) and Suzuki et al. (2003) . (E) Expression of medaka P-m and P-o during embryonic development. cDNAs were synthesized from embryos collected 0-5 days after fertilization and RT-PCR was performed using the primers shown in C and D. (F) Expression of mouse p in adult organs. RT-PCR was performed using two sets of primers that amplify the whole cDNA (black and gray arrowheads) or only the 3Ј region (gray arrowheads). Strong expression was observed in the eyeball, ovary, and testis. Identical results were obtained with both sets of primers, except that the relative band intensity of the whole cDNA in testis was weak, suggesting the possible loss of the 5Ј region of p mRNA in the testis by alternative splicing (see text).
similarity to hoepel1/2 of Drosophila and the arsenical membrane domains and to act as transporters (Gardner et al. 1992) . However, recent web-based programs transport proteins of bacteria, with 49 and 33% identity (549 and 508 amino acids compared), respectively.
[SOSUI (Hirokawa et al. 1998) , TMHMM (Moller et al. 2001) , TMpred (Hofmann and Stoffel 1993), and Mammalian P proteins are believed to have 12 trans-HMMTOP (Tusnády and Simon 2001)] predict that amino acids of P-m with no disruption of any of the transmembrane domains predicted by the web-based medaka P has 11, 12, 13, and 14 membrane-spanning regions, respectively. They also predict that human P programs (see above). The P-m and P-o transcripts also exhibit distinct difference in expression during emhas 12, 12, 13, and 14, and mouse p has 11, 11, 14, and 14 transmembrane domains, respectively. Thus, the bryogenesis. Whereas P-m is continuously expressed from 1 day after fertilization until hatching (day 5), precise secondary structure of the P proteins seems to be unclear.
corresponding to the period of emergence of melanophores in the body, eyes, and yolk sac of embryos, P-o Polymorphism and mutation analyses of medaka P: Then we investigated whether the P gene is mutated in expression was detected only at day 0 (approximately midgastrula stage; Figure 4E ), suggesting maternal storthe i-3 mutant. We performed RT-PCR using adult eyeball cDNAs of HNI (Northern inbred), Hd-rR (Southage ( Figure 4C ). Finally, we analyzed mouse p expression in adult orern inbred), and the i-3 mutant (Southern origin) and directly sequenced the amplified products. We identigans to investigate whether there is also an alternative form in the mouse ovary. We detected strong expression fied 54 SNPs and 13 allele-specific nucleotides among these loci (3373 bases compared; Figure 3A) . Most of of mouse p in the ovary and also in the testis ( Figure  4F ). Identical results were obtained using primers dethem were Northern-Southern polymorphisms, and many fewer polymorphisms were found between the signed to amplify the full length or only the 3Ј region of mouse p mRNA; i.e., mouse p is strongly expressed Hd-rR and i-3 strains. Four of these nucleotide polymorphisms cause amino acid substitution (1 of them is i-3 in the ovary, as in medaka, but it is not alternatively spliced. Isolation of an ovary-specific variant by 5Ј-RACE specific), which occurs at residues not conserved among medaka, human, mouse, and pig proteins, indicating (if it exists) seemed to be difficult in this situation. We found no such alternatively spliced mouse p or human that these are not mutagenic but polymorphic differences ( Figure 3B ). The i-3 mutation was detected as a four-base P in their respective EST databases. However, further careful investigation might reveal an alternatively spliced deletion in exon 13, which would cause a frameshift and the loss of the 394 C-terminal amino acids of the P form of P in mammals, because a truncated human P has already been reported (Rinchik et al. 1993) . Gardprotein ( Figures 2C and 3) . This truncation should reduce or abolish the function of medaka P, because the ner et al. (1992, Figure 2A ) seem to suggest the existence of a shorter form of p in mouse testis (see also Figure  C -terminal region is very highly conserved between medaka and the mammals, indicating its importance for 4D herein). Although we and others have observed no anomalies in the reproduction or embryogenesis of the function ( Figure 3B ). Therefore, we concluded that oculocutaneous albinism in medaka i-3 is caused by this medaka i-3 or mouse p-locus mutants, strong expression of medaka P-o in the ovary and mouse p in the ovary deletion in the medaka pink-eyed dilution ortholog.
P transcripts in medaka and mouse: We then analyzed and testis suggests role(s) for the cognate proteins other than in melanogenesis. the expression of medaka P by in situ hybridization and RT-PCR. Medaka P is strongly expressed in the eyeball of embryos and adults (Figure 4 , A and C), where mela-DISCUSSION nin is produced in the choroid membrane and retinal pigment epithelium. We detected P-expressing cells in
The colors and patterns on the animal body surface are so diverse, even among closely related species, that the skin of embryos, whose distribution pattern is very similar to that of melanophores (Figure 4, A and B) . pigment cells on the skin (chromatophores) present a fascinating research subject with which to investigate Much weaker expression was detected in non-melaninproducing adult organs ( Figure 4C ). When we amplified the genetic mechanisms of variation. Studies using Ͼ100 mouse coat-color mutants contributed to the isolation the 3Ј region of P, however, we detected additional and even stronger expression in the ovary, although expression of ‫06ف‬ relevant genes (see the Coat Color Genes at http:/ / www.cbc.umn.edu/ifpcs/micemut.htm). These surely exof the full-length transcript (inferred from amplification of the 5Ј end) was as weak as those in other organs (Figtended our understanding of the development and regulation of the mammalian chromatophore, the melanoure 4C).
To assess this contradictory result, we performed cyte. However, little is known about other types of chromatophores in lower vertebrates, which originate 5Ј-RACE using ovary cDNA and identified an alternatively spliced transcript expressed exclusively in the developmentally from the "vertebrate-innovating cells" of the neural crest (Shimeld and Holland 2000) . Mamovary ( Figure 4D ). This ovary-specific variant (P-o) lacks the first and second exons of melanophore-specific P mals have lost most kinds of chromatophores during the long nocturnal periods experienced by their ances-(P-m) and instead has an extra exon located between the second and third exons ( Figure 4D ). This ovarytors, and it should be interesting from an evolutionary standpoint to investigate the fates of the chromatospecific exon has several in-frame stop codons and seems to encode no amino acids. Therefore, the protein phore-associated genes of lower vertebrates in mammals. Have they all been lost or have some acquired encoded by P-o is predicted to lack 116 N-terminal new functions in the development of other neural-crest tion of this long and nonconserved region across vertebrates and both the splicing variants in medaka; i.e., it derivatives?
Common function of P proteins in vertebrate melanois lost in the ovary or oocytes (P-o), but retained in melanophores (P-m) ( Figure 3B ). Functional assessgenesis: Here we elucidated the gene responsible for the medaka i-3 albino mutant and its novel alternatively ment of medaka P-m and P-o in melanophores, using a method such as the microinjection of i-3 embryos, spliced form expressed in non-melanin-producing cells. There are several working models of the function of should be addressed to investigate the roles of these nonconserved N-terminal residues of the P proteins in mammalian P in melanin biosynthesis, including tyrosine transport (Sidman and Pearlstein 1965; denied melanin synthesis. The genetic mechanisms that cause variation in aniby Gahl et al. 1995) , tyrosinase routing (Potterf et al. 1998) , regulation of melanosomal pH (Puri et al. 2000) , mal body colors and patterns are unknown, and the "nonconserved but important domains for function" melanocyte proliferation and differentiation (Hirobe et al. 2002) , glutathione metabolism (Staleva et al. 2002) , could be one of these mechanisms. Because mammals have only one kind of chromatophore-the melanocyteand tyrosinase processing (Chen et al. 2002; Toyofuku et al. 2002) . Our observations suggest that P protein the variations in their body colors and patterns must be generated by the presence or absence of melanocytes affects tyrosinase activity in and the morphogenesis of melanophores in teleosts (Figure 1, C and E) . Because (or melanin in the cells) or by switching between black eumelanin and yellow pheomelanin synthesis. The latter mammalian melanocytes and fish melanophores are homologous but have many different features (e.g., chrohas been extensively studied using the agouti and its related mutants (He et al. 2003) , but little is known matosome movement, nervous control, pheomelanogenesis, etc.), it is possible that the P orthologs do not about pattern formation. The P protein is involved in eumelanogenesis but not in pheomelanogenesis, so that share identical functions in mammals and other vertebrates (discussed below). However, our results clearly pheomelanins in mouse p-locus mutants are only slightly affected (Russell 1949) . indicate that both the mammalian and the teleost P proteins participate in eumelanogenesis, although furTaking these data into consideration, it might be too speculative, but it is possible that the regulation of ther experiments are required to fully elucidate the functional mechanisms.
P-protein expression is involved in eumelanin-pheomelanin switching and that the variable N-terminal regions Role of the nonconserved N-terminal region of the P proteins: The functions of P in non-melanin-producing of P might be responsible for species-specific regulation of switching to form variable patterns by some method cells remain mysterious. In both medaka and mouse, P transcripts are strongly expressed in the ovary (Figure of protein-protein (not protein-substrate) interactions. Although little is known about the regulation of P-pro-4, C, D, and F). Moreover, mouse transcripts are also strongly expressed in the testis ( Figure 4F ). However, tein expression, its transcription is upregulated by UVB or melanocortin-1 receptor (MC1R) signaling (Suzuki neither the medaka i-3 mutant nor the mouse pinkeyed dilution mutant shows obvious defects in fertility or et al. 2002; Ancans et al. 2003) . Further clarification of not only the functions of the P proteins, but also the embryonic development under normal breeding conditions, except when these mice are radiation induced regulation of their expression should provide interesting insight into body-color determination and variation and involve large deletions in the neighboring Gabr or Herc2 genes (Nakatsu et al. 1993; Lehman et al. 1998) .
in vertebrates. Furthermore, why the medaka expresses an alternative We thank K. Naruse of the University of Tokyo for EST information; form of P, instead of P-m, in the ovary, whereas the mals ( Figure 3B) .
Generally, less conservation indicates that the region is less important in common functions (i.e., eumelanin LITERATURE CITED synthesis in this case), and it has been suggested that Ancans, J., N. Flanagan, M. J. Hoogduijn and A. J. Thody, 2003 the N-terminal region of the P protein might not be P-locus is a target for the melanogenic effects of MC-1R signaling: a possible control point for facultative pigmentation. Ann. NY functionally critical (Lee et al. 1995) . However, a few Acad. residues substituted in this region have been reported 
